Fe(VI) (Fe VI O 4 2-) and Fe(V) (Fe V O 4 3-) have high oxidizing power, selectivity, and upon decomposition produce a non-toxic by-product, Fe(III), which makes them potential oxidants in water and wastewater treatment. Rates of oxidation increase with a decrease in pH and are related to protonation of Fe VI O 4 2and Fe V O 4 3-. Oxidation of sulfur-and nitrogen-containing pollutants by Fe(VI) can be
Introduction
In today's environment, protecting our water delivery infrastructure requires not only innovative technologies that neutralize a broad category of potential threats, but also one that addresses the shortcomings of existing treatment regimes. The common method for treatment is chlorination and many agents such as anthrax and Cryptosporidium resist chlorination (Burrows and Renner, 1999; Craun and Calderon, 2001) . Chlorine treatment creates and leaves disinfectant by-products (DBP) in water supplies, which have potential negative health effects (Gunten, 2003) . Moreover, viruses attached to other organisms or particles need more thorough disinfection (Rose, 2002) . Alternate oxidants such as bromine, iodine, chlorine dioxide, and ozone have been considered to replace chlorine (Suty et al., 2003) . However, they also form a wide range of by-products, some of which are toxic to the aquatic environment and to human populations (Panagiota and Graham, 2002) . Advanced oxidation technologies (AOTs) have also been studied to oxidize pollutants in water (Boltan et al., 2001) . However, there is still a need of technology, which can effectively treat a wide range of contaminants including microorganisms and radionuclides, and can remove unconventional and emerging contaminants. Iron(VI) and iron(V) can address these concerns.
Iron commonly exists in the +2 and +3 oxidation states; however, in a strong oxidizing environment, higher oxidation states of iron such as +4, +5 and +6 can also be obtained (Jeannot et al., 2002; Rush and Bielski, 1986) . In recent years, iron with +6 oxidation state (Fe(VI)), commonly called ferrate (Fe VI O 4 2-), has received much attention because of its usefulness in organic synthesis and "super-iron" batteries (Delaude and Laszlo, 1996; Sharma, 2002a; Licht et al., 2002) . In the laboratory, Fe(VI) can be produced by three types of synthetic techniques; a dry method, heating of various potassium-and iron containing minerals (Scholder, 1962) ; electrolyzing an alkaline solution with an iron anode (Bouzek et al., 2000) ; and a wet method oxidizing a basic solution of Fe(III) salt by hypochlorite (Thompson et al., 1951) .
Fe(VI) is a powerful oxidizing agent in aqueous media. Under acidic conditions, the redox potential of the Fe(VI) ion is the highest of any oxidant used in wastewater treatment processes (Table 1) . Fe(VI) exhibits a multitude of advantageous properties; including higher reactivity and selectivity than traditional oxidant alternatives, disinfectant, antifoulant, and coagulant properties (Waite, 1979; Kazama, 1995; Jiang and Lloyd, 2001) .
Fe(V) can be generated in aqueous solution by pulse radiolysis in which Fe(VI) reduces to Fe(V) by radicals such as e aq at near diffusion-controlled rates (Eq. (1)) (Rush and Bielski, 1986) . The reduction of Fe(VI) in UV-irradiated TiO 2 suspensions can also result in Fe(V) (Eq. (2)) (Sharma et al., 2003) . 
In this paper, the potential role of Fe(VI) and Fe(V) to meet the new challenges of potential pollutants facing the water and wastewater treatment industry is briefly summarized.
Experiment
Potassium ferrate (K 2 FeO 4 ) of high purity (98% plus) was prepared by the method of Thompson et al. (1951) . The Fe(VI) solutions were prepared by addition of solid samples of K 2 FeO 4 to deoxygenated 0.005 M Na 2 HPO 4 /0.001 M borate at pH 9.0 (Rush and Bielski, 1986) . Fe(VI) kinetic studies were carried out using a Rapid Kinetic Accessory (Applied Photophysics, UK), attached to a HP 8452A spectrophotometer. HPLC was used to determine the concentrations of reactants and products of the reactions and details are given elsewhere (Sharma et al., 2002) . A pre-mix pulse radiolysis apparatus was used to study the kinetics of Fe(V) with pollutants (Sharma, 2002b) . The reactions were studied in the presence of excess Fe(VI) from which Fe(V) is generated in microseconds (Eqs (I), (3)- (6)). The number in parentheses in Eq. (I) are G values, that is the number of radicals formed per 100 eV of energy dissipated in the aqueous solution. The solutions were saturated with N 2 O and contained methanol. The H atoms are converted to hydrated electrons (Eq. (4)), which react with nitrous oxide to form hydroxyl radicals (Eq. (3)). The OH radicals react with methanol to form reducing radicals (Eq. (5)), which in turn reduces Fe(VI) to Fe(V) (Eq. (6)). 
Results and discussion
Oxidation of sulfur-and nitrogen-containing pollutants Kinetics measurements have been determined for the oxidation of sulfur-and nitrogencontaining pollutants by Fe(VI). The rate expression for the reactions can be expressed as
where [Fe(VI)] and [P] are the concentrations of Fe(VI) and pollutant, respectively, and k is the overall reaction rate constant. The reactions of Fe(VI) with pollutants were found to be first order for each reactant. The reaction rate constants were determined as a function of pH and the rate of the reaction increases with a decrease in pH (Figure 1) . Fe(VI) is a stronger oxidant upon protonation so the reaction rates were expected to increase (see Table 1 ). The stoichiometry and products of the reactions of Fe(VI) with pollutants, hydrogen sulfide (H 2 S), thiourea (TU; NH 2 CSNH 2 ), thioacetamide (THA; CH 3 CSNH 2 ), cyanide (HCN), and thiocyanate (SCN -) were studied at pH 9. The rate laws suggest completion of reactions in seconds to minutes. The oxidation reactions were stoichiometric with formation of relatively non-hazardous products (Eqs (9)-(13)) (Sharma, 2002a 
A by-product of Fe(VI) is also non-toxic, Fe(III), making Fe(VI) an environmentally friendly oxidant. Moreover, ferric oxide, produced from Fe(VI), acts as a coagulant and is suitable for the removal of metals, non-metals, and radionuclides (Waite, 1979; Jiang and Lloyd, 2002) . Fe(VI) is therefore an efficient chemical for recycling and reuse of water and wastewater.
The kinetics of Fe(V) reactions with cyanide and thiourea were also determined. The reactions were first order for each reactant. Fe(V) is approximately three orders of magnitude more reactive towards pollutants than Fe(VI). The higher reactivity may be due to the partial free-radical character of Fe(V) (Fe V = O ↔ Fe IV -O • ). Rates of oxidation of cyanide and thiourea by Fe(V) increase with a decrease in pH (Figure 2 ). This is related to faster reaction rates of the protonated form of Fe(V) (HFeO 4 2-) compared to the non-protonated form (FeO 4 3-) (Eq. (14)) (Sharma, 2002b) . The microcystins are a group of monocyclic heptapeptide hepatoxins produced by numerous freshwater cyanobacteria. The general structure of microcystins consists of two variable L-amino acids: leucine, tyrosine, and arginine, three D-amino acids: alanine (Ala), methylaspartic acid (MeAsp), and glutamic acid (Glu), and two unusual amino acids: Nmethyldehydrolanine (Mdha) and 3-amono-9-methoxy-2,6,8-trimethyl-1-phenyldeca-4,6-dienoic acid (Adda). Microcystins differ mainly in the two L-amino acids, which give the molecule its name. The most common and highly toxic microcystin-LR contains leucine and arginine as variable amino acids. Fe(VI) and Fe(V) should potentially decompose microcystins by oxidative processes very efficiently. Kinetic studies on the oxidation of amino acids, generally presented in microcystins, by Fe(VI) and Fe(V) have been performed ( Table 2 ). The rate constants were calculated using experimentally determined values at pH 12.4 assuming a 10-fold increase in rate per pH unit (Sharma and Bielski, 1991) . The rate constants for reaction of amino acids with Fe(VI) were ≈ 10 4 M -1 s -1 while the reactivity for Fe(V) is ≈ 10 5 orders of magnitude higher than those of Fe(VI).
The results of Table 2 suggest the ability of Fe(VI) to detoxify microcystins by effectively oxidizing amino acids. Recent results reported that microcystin-LR was extensively destroyed by oxidation with Fe(VI) (Yuan et al., 2002) . Oxidation results in the structural destruction of a heptapeptide ring and a modification of the Adda group of the microcystin-LR. The results support an oxidation of amino acids by Fe(VI) in the detoxification of microcystins.
A detoxification process would be enhanced by Fe(V), which is a much more powerful oxidant than Fe(VI) ( Table 2 ). This suggests that the removal of toxins by Fe(VI) may be enhanced in the presence of appropriate one-electron-reducing agents such as Fe(II). The radiolysis of water results in the formation of the hydrated electron while the conduction band electron is formed in photocatalytic processes (Eqs (1), (2)) (Sharma et al., 2003) . The use of ionizing radiation and photocatalysis in the presence of Fe(VI) would therefore form Fe(V) and may have synergistic effects in treating toxins in aquatic environments. The combination of these techniques would further be advantageous in killing many chlorineresistant organisms in water.
Conclusions
The reaction rate law and observed rate constants at different pH values for the oxidation of pollutants by Fe(VI) can be utilized to determine half-lives of the oxidation processes. If the concentration of Fe(VI) is five-fold higher than the pollutant concentration (100 µM), the half-lives for pollutant oxidation by Fe(VI) are 3.0 ms, 0.6 s, 0.8 s, 9.3 s, and 180 s for hydrogen sulfide, thiourea, thioacetamide, cyanide, and thiocyanate, respectively, at pH 9.0 and 22°C. The reaction rates are pH dependent; thus so are the half-lives of the reactions. Destruction of pollutants by Fe(VI) resulted in relatively non-toxic by-products. Fe(V) is a highly reactive species and is 10 3 -10 5 times more reactive towards pollutants and amino acids than is Fe(VI). Fe(V) has the ability to oxidize pollutants and toxins, which cannot be easily oxidized by Fe(VI). The innovative technology involving Fe(VI) and Fe(V) can thus be applied in water and wastewater treatment.
